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Abstract.  We address a linearity problem for differentiable vectors in repre-
sentations of infinite-dimensional Lie groups on locally convex spaces, which is
similar to the linearity problem for the directional derivatives of functions. In
particular, we find conditions ensuring that if 7: G — End (}) is such a repre-
sentation, and y € Y is a vector such that dm(x)y makes sense for every z in the
Lie algebra g of G, then the mapping dn(-)y: g — Y is linear and continuous.
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1. Introduction

In this paper we address an issue raised in [NeelOa, Probl. 13.4] concerning
some linearity properties for differentiable vectors in representations of infinite-
dimensional Lie groups; see also [NeelOb] and the concluding comments in Exam-
ples 2.8 below. In particular, we find conditions ensuring that if 7: G — End ()
is such a representation, and y € ) is a vector such that dm(z)y makes sense for
every x in the Lie algebra g of G, then the mapping dn(-)y: g — ) is linear and
continuous. Before proceeding to a more detailed description of our approach to
that question, we should mention that the recent interest in this circle of ideas
is motivated in part by some applications of representation theory in the theory
of operator algebras on the one hand (see [NeelOa]) and in the theory of partial
differential equations on the other hand (see [BB09] and [BB11]).

It is worthwhile to place ourselves for the moment in the setting of topo-
logical groups, although the main classes of examples are provided by infinite-
dimensional Lie groups modeled on locally convex spaces (see situations 1.-3. and
6., and also sometimes 4., in Examples 2.7 below). Thus let G be a topological
group and denote by £(G) the set of its one-parameter subgroups (i.e., continuous
homomorphisms from the additive group R into G'), endowed with the topology
of uniform convergence on the compact subsets of R. For X, X;, Xy € £(G) we
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say that X = X; + X, whenever we have

(VteR) X(t) = lim (Xl(%>xg(f))n (1.1)

n— o0 n

uniformly on every compact subset of R.

Next let 7: G — End ()) be a representation on a locally convex space )
such that the group action G x Y — Y, (g,y) — w(g)y is continuous. (The
continuous unitary representations provide a rich class of interesting and non-
trivial examples, however we are also interested in representations on locally convex
spaces in order to make our results applicable for group representations in spaces
of smooth functions or smooth vectors.) For every X € £(G) we consider the
infinitesimal generator of the one-parameter group of operators m(X(-)),

d

dn(X) .= —
m(X) =
We then define the following linear subspaces of ):

Di, == () Dldn(X)),
Xeg(Q)

Dy = {y € Dy, | dn(-)y € C(L(G), M)},
DM .= {y e DL |if X, X}, X, € £(G) and X = X, + Xy,
then dn(X)y = dn(Xy)y + dn(X2)y}.

(X (t)): D(dn(X)) — V.

t=0

Here and henceforth we denote by C(A,S) the space of continuous mappings
between any topological spaces A and S.

The main motivation for the present paper consists in understanding the
relationship between these spaces. In particular, we are interested in describing
wide classes of group representations for which the above three spaces coincide. It
turned out in [NeelOa] that this problem is far from being trivial even in the special
case when G is a Banach-Lie group and ) is a Banach space. By way of showing
the difficulty of this problem, we recall that if G is the group of unitary operators
on some Hilbert space, endowed with the strong operator topology, then (1.1) is
the Trotter formula for the sum of the infinitesimal generators of the corresponding
one-parameter groups, and the addition of unbounded self-adjoint operators is a
highly nontrivial problem, as discussed in [Far75]; see also [Che74] and [Bell0, Ex.
2.1] for a lot of pathologies related to this operation.

Our approach to the aforementioned problem relies on a basic technique
developed in [Nel69] and [BC73] that turns out to work in a more general setting;
see Lemma 2.4 below. Our main results are Theorems 2.5 and 3.5, which in
particular provide an alternative proof to [Neel0Oa, Th. 8.2].

Throughout the paper we assume that the topological groups and the locally
convex spaces involved are Hausdorff spaces.

2. Differentiable functions

The main result of this section is Theorem 2.5 which establishes the relationship
between the above property (1.1) and the “first-order differential operators” in
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a topological setting. In the first part of the following definition we recall some
notions introduced in [BC73] and [BCR81].

Definition 2.1. Let G be a topological group and ) be a locally convex space.
1. If ¢: G—= Y, X € £(G), and g € G, then we denote

(Do) (g) = lim 29X D) = 9(9)

t—0 t

(2.1)

whenever the limit in the right-hand side exists.

2. We define C'(G,Y) as the set of all ¢ € C(G,)) such that the function
D*¢: £(G) x G =Y, (D*¢)(X,g) = (Dx9)(9)

is well defined and continuous. We also denote D¢ = (D*)1¢.

Now let m > 2 and assume that the space C"*(G,)) and the mapping
(DM)"~! have been defined. Then we define C"(G,)) as the set of all
functions ¢ € C™~Y(G,Y) such that the function

(DM'p: £(G) x --- x L(G) x G =Y,
(X1, Xn, g) = (Dx, (Dx, - (D, 9) -+ ))(9)

is well defined and continuous.
Moreover we define C*(G,Y) := () C*(G,)).

n>1

3. Let LUC,.(G, ) be the set of all functions ¢: G — Y such that every point
go € G has a neighborhood V' such that ¢y is left uniformly continuous, in
the sense that for every neighborhood U of 0 € Y there exists a neighborhood
W of 1 € G such that if z,y € V and 7'y € W, then ¢(z) — ¢(y) € U.
We define LUCL.(G,Y) as the set of all functions ¢ € LUC,.(G,Y) such
that the above mapping D*¢: £(G) x G — Y is well defined and for
every X € £(G) we have D3¢ € LUCoo(G,Y). For n > 2, if the space
LUCT (G, ) has been defined, then we define LUC] (G,)) as the set of all

loc

functions ¢ € LUC}.'(G,Y) such that the mapping (D*)"¢ is well defined

and for every X1,..., X, we have Dy (D%, - (Dx ¢)--+) € LUCo(G, D).
Moreover we define LUCH, (G,Y) == (| LUCL (G, D).

loc
n>1

If Y = C, then we write simply C"(G) := C"(G,C), LUC}, .(G) := LUC} .(G,C),
etc., forn=1,2,..., 0.

Before going any further, let us record some simple remarks on the notions
introduced above. Note that the C™-concept used in the following statement
involves directional derivatives rather than the Fréchet differentials of functions as
in the C™-concept habitually used in the differential calculus on Banach manifolds.
They agree for finite-dimensional Lie groups ([BC73, Folg. 1.4]), however the one
used here is slightly weaker in infinite dimensions.
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Proposition 2.2.  Let G be a topological group and Y be a locally convex space.
1. If G s locally compact, then C(G,)Y) = LUCi,.(G,)).

2. If G s a Banach-Lie group and Y is a Banach space, then we have

(Vvn>1) C"(G,Y)C LUCL MG, Y)

loc

where LUC) (G, V) := LUC oo (G, D).
Proof. The first assertion holds true since the continuous mappings from a
compact space into any uniform space are uniformly continuous with respect to
the unique uniform structure of that compact space ([Bou71, Ch. II, §4, no. 1]).
The second assertion will follow as soon as we have settled the case n = 1.
If ¢ € CY(G,Y), then one can show that ¢ € LUCi(G,)) as follows. Since
LUC,.(G,)) is invariant under translations to the left, it suffices to check the
condition in Definition 2.1(3.) at go = 1 € G. By working in a local chart
onto a neighborhood Vj of 0 € g and denoting by * the corresponding local
multiplication, it follows that we have to prove the following assertion: There
exists a neighborhood V' of 0 € V with the property that for every e > 0 there
exists 6 > 0 such that if + € V and y € g with |y|| < J, then 2z xy € V)
and ||¢(x * y) — ¢(z)]| < €, where we denote by || - || some norms that define
the topologies of g and ), respectively. This assertion follows at once by the
mean value theorem applied for the )-valued function ¢ — ¢(x * (ty)) on the
interval [0, 1], as soon as we have found the neighborhood V of 0 € g such that
the closure of V' is contained in V{ and the differential d¢: V x g — ) exists and
is continuous, since then we can shrink V' to get sup{||d¢(z, )| | z € V} < .
(Recall from [Ham82, Subsect. 3.2] that the above continuity property of d¢
ensures that d¢(z,-): g — Y is linear for every « € V.) Since G is a Banach-Lie
group and ¢ € C}(G,)), we can find a neighborhood V of 0 € g such that d¢
is continuous on V' x g, by using the left trivalization of the tangent bundle of G
along with the homeomorphism g — £(G), x — 7., where ~,(t) = expg(tx) for
t € R and = € g (see also Example 2.7(1.) below). This completes the proof of
the fact that ¢ € LUC.(G,)). u

We now present a version of Taylor’s formula suitable for our present pur-
poses. See [Gl602] for a thorough discussion on how to avoid the assumption that
functions should take values in a sequentially complete space.

Proposition 2.3. Let G be a topological group, Y be a locally convex space,
n>1, and ¢ € LUCL (G,Y). Then the following assertions hold:

loc

1. For every g € G, X € £(G), and t € R we have

S(aX (1)) = §<<D§(>J¢> (9) + (9, X, 1

j=0 "

where x1: G x £(G) x R — Y is a function such that %in& x1(g, X,t) = 0.
—
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2. If X1, X, € £(G), then

¢(9X1(1)Xa(t)) = ¢(g9) + t((Dx, + Dx,)0)(9) + tx2(g, X1, Xo, 1)

where x2: G X £(G) x £(G) x R = Y is a function satisfying the condition
lleil%Xz(g,Xl,X%t) =0.
-

Moreover, for every gy € G there exists a neighborhood Vi such that in the above
assertions we have both PI?% x1(g, X,t) =0 and Pr% X2(g, X1, Xo,t) = 0 uniformly
— —

for g e V.
Proof. Let us define
(Vt €R) g x(t) = d(gX(1)).

Since ¢, x € C"(R,Y), we get by Taylor’s formula (see [Gl602, Prop. 1.17])

1

o tn .
0x(t) = 30 0l (0) + i [= ool es)as
Jj=0 0
~t ) n
=3 S0k 0)+ (g, X.o)
§=0

Here the function

xi(g, X, t) =

B (t5) — 0% (0) ) ds

(D)) (g (15)) = - (DA )"0)())ds

[e=]

has the property %iII(l) X1(g, X,t) = 0 uniformly for ¢ in a suitable neighborhood of
_>

an arbitrary point in G, since we have (D% )"¢ € LUC),.(G,Y) by the hypothesis

on ¢.
Assertion (2) can then be obtained by iterating the formula provided by
Assertion (1). Specifically, by using that formula for X = X, and n =1 we get

(Vg € G)(Vt €R) (g Xs(1)) = ¢(g) + t(Dx,8)(9) +tx1(g, Xa, 1),

hence for arbitrary ¢ € G and t € R we have

S(gX1 (1) Xa(1) = G(g X1 (1)) + t(Dx,0) (9X1(1)) + tx1(9Xa (1), Xo, ).

On the other hand, by Assertion (1) for X = X; and n =1 we get

d(gX1(t)) = d(g) + t(Dx,¢)(9) + tx1(g, X1, 1),
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again for all ¢ € G and t € R. By plugging in this formula in the previous one,
we get

P(9X1(t)X2(t)) = ¢(g) + t(Dx,¢)(9) + t(Dx,¢)(9) + tx2(g, X1, X2, 1)

where

xa2(g, X1, X, t) = ((D%,9)(9X1(t) — (DX, 9)(9)) + x1(g, X1, 1) + x1(9X1(t), X, 1).

Now let gy € G arbitrary. We have proved above that there exists a neighborhood
Vo of go such that Pr% x1(g, X,t) = 0 uniformly for g € V5. Moreover, since
ﬁ

D§(2¢ € LUC.(G,)), it follows that for a suitable neighborhood Vi of gy we

have lirrol((Dﬁ(zng)(gXl(t) — (D%,9)(9)) = 0 uniformly for g € V;. Moreover, we
ﬁ

may assume that VjU; C Vf for a suitable neighborhood U; of 1 € G, hence

9X1(t) € Vo for g € V} and t in a suitable neighborhood of 0 € R (depending
only on Uy). Then we get %in% x2(g, X1, X2,t) = 0 uniformly for g € V7, and this
—

completes the proof. [ |

The next result is obtained by using the method of proof of [Nel69, §4,
Th. 1] and [BC73, Lemma 2.2].

Lemma 2.4. Let G be a topological group and Y be a locally convex space. If
the one-parameter subgroups X, X1, Xo € £(G) have the property X = X + Xo,
then

D¢ = Dx, 6+ D%,

for every ¢ € LUCL.(G,D).
Proof. Let us denote

(Vt € R) g(t) = X1(t) Xa(?).
For each gy € G we have to prove the equality

(DX 9)(90) = (D§(1¢) (90) + (D§(2¢)(90)- (2.2)

To this end fix an arbitrary continuous seminorm |-| on ) and let € > 0 arbitrary.
Since D;}j(ﬁ € C(G,Y) for j = 1,2, there exists a neighborhood U € V(1) such
that

(Vg €U) |((Dx, + Dx,)9)(909) — (DX, + Dx,)¢)(g0)| <. (23)

On the other hand, since ¢ € LUC;..(G,)), it follows by Proposition 2.3(2) that,
by shrinking U, we can find § > 0 such that for all x € goU and ¢ € (—4,9) \ {0}

we have
1

S (@(zg(t) = ¢(2)) - (D, + Dx,)9)()| < % (2.4)

Now let 0; > 0 such that X () € Uy if —6; <t < §;, where Uy is a neighborhood
of 1 € G such that UyUy C U. By using (1.1) with uniform convergence on
the interval [—d1,01], we get ny > 1 such that if n > ny and —dé; <t < 47, then
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g(t/n)" € U. There exists 0o € (0,d1) such thatif n =1,...,n; and —ds <t < §s,
then g(t/n)™ € U. Therefore
g<£>nEUif — 0y <t<dyandn>1.
n

Moreover, if 1 <k <n and [t| < 0y, then |(k/n)t| < |t| < b, hence
t\E (K /n)t\E
o) =9(F57) €v

k
g(3> CUIf —6y<t<byand 1 <k<n.
n

Thus

This allows us to use (2.3) and (2.4) in order to show that if —dy <t < dy, t #0,
and n > 1, then

H(o(ws(2)") ~ olo0)) — (DX, + DA} o)

< 2l (eloma(5)) o)) 0%+ D (o (7))

t
n

)7~ (D, + D))

+ % i’((l& + Dx,)0) (909(

e 1«
<= s+=-) s=¢
On the other hand, for every ¢ € R we have lim g¢(t/n)* = X(¢) in G, by (1.1).
n—o0

Since ¢: G — Y is continuous, we then get lim ¢(gog(t/n)") = ¢(goX (t)) in V.
n—oo
It then follows by the above estimates that if —ds <t < 9y and t # 0, then

L0l (1)) — 6lo0)) — (D, + Dx)6)oo)| < e
For t — 0 and then € — 0 we get
(Dx)(90) — ((D,6)(90) + (Dx,8)(90))] =0

Since | - | is an arbitrary continuous seminorm on the Hausdorff locally convex
space ), it follows that (2.2) holds. ]

Theorem 2.5. Let G be a topological group such that £(G) has a structure
of real vector space whose scalar multiplication and vector addition satisfy the
following conditions for all t,s € R and X, Xy € £(G):

(tX1)(s) = Xi(ts),
(X1 +Xo)(t) = lim <X1<%>X2<£>>n»

n—oo n

where the convergence is assumed to be uniform on any compact subset of R. Then
for every locally convex space Y and every ¢ € LUC,,.(G,Y) the mapping

D ¢: £(G) = LUCL(G,Y), X = Dx¢

1s linear.
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Proof. It is easily checked that the mapping D*¢ is R-homogeneous, and the
fact that it is additive follows by Lemma 2.4. |

We now establish some continuity properties of the linear mappings pro-
vided by the above theorem. The proof of the following corollary was suggested
by the proof of [Mag81, Prop. 2].

Corollary 2.6.  Assume the setting of Theorem 2.5 along with the following
additional hypotheses:

1. £(G) is endowed with a Baire topology that is stronger than the compact-open
topology and is compatible with the vector space structure.

2. The locally convex space Y is metrizable.

If LUC.(G,Y) is endowed with the topology of pointwise convergence, then for
every ¢ € LUC,, (G,Y) the mapping D ¢: £(G) — LUC,(G,Y) is linear and

continuous.

Proof.  Let ¢ € LUC;,.(G,Y). The linearity of D*¢ follows by Theorem 2.5.
To prove the continuity property, let g € G arbitrary. It follows by (2.1) that the
mapping (D*¢)(g): £(G) — Y is the pointwise limit of a sequence of mappings
which are continuous with respect to the compact-open topology of £(G), hence
are also continuous with respect to the Baire topology mentioned in the statement.
Since ) is metrizable and £(G) is a Baire space, it then follows by [Bou74, Ch.
IX, §5, Ex. 20b)] that the set of discontinuity points of (D*¢)(g) is of the first
category, hence (D*¢)(g) has at least one continuity point. Since moreover £(G) is
a topological vector space, then it easily follows that the linear mapping (D*¢)(g)
is continuous throughout £(G). u

Examples 2.7. Here is a list of special classes of topological groups to which
Theorem 2.5 applies, besides the classical case of the finite-dimensional Lie groups
(which is covered by several of the following situations):

1. Locally exponential Lie groups; in particular, the Banach-Lie groups. A
locally convex Lie group G with the Lie algebra g is locally exponential if it
has a smooth exponential map exp.: g — G which is a local diffeomorphism
at 0 € g ([Nee06, Def. IV.1.1]). For z € g let v,: R — G, 7,(t) = expg(tx).
Then the mapping z — 7, is a homeomorphism g — £(G) and for z,y € g
we have 7,4y = 7z +7y. The right-hand side of the latter equation is defined
by (1.1), and the corresponding uniform convergence on compact subsets of
R can be obtained by using Taylor’s formula; compare [Nee06, Rem. II.1.8
and Lemma IV.1.17]. Thus £(G) with the compact-open topology is turned
into a locally convex space isomorphic to g.

2. Mapping groups, and in particular loop groups. If M is a compact manifold
and K is a finite-dimensional Lie group with the Lie algebra £, then it
follows as a very special case of [Nee06, Th. IV.1.12] that the mapping group
C®(M, K) is a locally exponential Lie group with the Lie algebra C*(M, ),
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hence we are actually placed in the above situation 1. The loop groups are
obtained when M is the unit circle.

3. Diffeomorphism groups of compact manifolds. If G is the diffeomorphism
group of a compact manifold M ([Mil84, Ex. 1.4], [Nee06, Ex. I1.3.14]),
then it follows by [CM70, Th. 5] that every continuous one-parameter
subgroup of G is smooth. The sum of vector fields agrees with the operation
defined by (1.1) (see for instance [Nel69, §4, Th. 1]), hence £(G) can thus
be identified with the linear space of all smooth vector fields on M.

4. Connected locally compact groups; more generally, the connected pro-Lie
groups. A pro-Lie group G is a topological group which is isomorphic
(as a topological group) to the limit of a projective system {G;}jc; of
finite-dimensional Lie groups. The continuity property of the functor £(:)
established in [HMO7, Th. 2.25(ii)] shows that £(G) is isomorphic as a
topological Lie algebra to the projective limit of the Lie algebras of the
groups G; for j € J; see also [BC73, Lemma 2.1]. We also note that G
is isomorphic to a closed subgroup of a direct product of finite-dimensional
Lie groups ([HMO07, Th. 3.39]), hence in the limits of the type (1.1) we have
uniform convergence on the compact subsets of R, by the definition of the
direct product topology along with the corresponding uniform convergence
in the finite-dimensional Lie groups (see the situation 1. above).

5. Unitary groups of finite von Neumann algebras. Consider a von Neumann
algebra with a faithful normal tracial state 7. If G is its unitary group
endowed with the strong operator topology, then it follows by [Bell0, Th. 3.6]
that £(G) with the sum operation given by (1.1) is a vector space isomorphic
to the space of all skew-symmetric 7-measurable operators on the space of
the GNS representation associated with 7.

6. Direct limits of finite-dimensional Lie groups. If G is the limit of a countable
direct system of finite-dimensional Lie groups with injective homomorphisms,
then £(G) is isomorphic as a topological Lie algebra to the corresponding
inductive limit of finite-dimensional Lie algebras. Moreover, it follows by
[G1605, Prop. 4.6] and its proof that for every X,Y € £(G) there exists
X +Y € £(G) given by (1.1) with uniform convergence on the compact
subsets of R.

7. Nilpotent topological groups. If G is such a group, then it follows by [MS75,
Th. 1] that the topology of any subgroup generated by finitely many elements
in £(G) can be refined to a unique topology of a finite-dimensional Lie group.
Therefore, one can use the situation of finite-dimensional Lie groups to see
that for every X,Y € £(G) there exists X +Y € £(G) given by (1.1) with
uniform convergence on the compact subsets of R, and moreover £(G) is
thus turned into a vector space. See also [Nee06, Th. IV.1.24] for a related
result on 2-step nilpotent groups.

We now show that Corollary 2.6 applies and leads to continuity properties
in several of the situations mentioned in Examples 2.7.
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Examples 2.8. Here we use the same numbering and notation as in Exam-
ples 2.7. Continuity properties can be established in the situations 1.-5.

1. If G is a locally exponential Lie group whose Lie algebra is a Baire space,
then £(G) is in particular a Baire space with respect to the compact-open
topology.

2. If G =C®(M,K), then its Lie algebra g = C*(M,¢) is a Fréchet space,
hence we are placed in the above situation.

3. If G is the diffeomorphism group of a compact manifold M, then we have
already seen that £(G) can be identified with the vector space V(M) of
all smooth vector fields on M. Moreover, V(M) is a Fréchet space and
it follows by [Nee06, Rem. I1.5.3, Rem. II1.2.5, and Th. II1.3.1] that the
exponential map exps,: V(M) — G is smooth. In particular, the mapping
UV:RxV — G, VU(t,z) = expg(tz), is continuous. One then gets by a
straightforward reasoning (see for instance [BCR81, Lemma 0.1.4.2]) that
the mapping V — C(R,G), x — v,(:) :== V(-,x) is continuous with respect
to the compact-open topology on C(R, ). Therefore the mapping = — -, is
continuous from V(M) into £(G), and this shows that the Fréchet topology
induced from V(M) on £(G) is stronger than the compact-open topology.

4. If G is a connected pro-Lie group, then by [HMO07, Th. 3.12, Prop. 3.8, and
Cor. A2.9] we get a linear topological isomorphism of £(G) onto R’ for a

suitable set J, so £(G) is a Baire space with respect to the compact-open
topology by [Bou74, Ch. IX, §5, Ex. 16a)].

5. If G is the unitary group of a von Neumann algebra with a finite trace 7,
then £(G) with the compact-open topology of is homeomorphic (by the
linear isomorphism) to the aforementioned space of measurable operators
endowed with the 7-measure topology, which is linear and defined by a
complete metric that is invariant under translations; see for instance [Bell0,
Rem. 2.4]. Thus £(G) is a Baire space with respect to the compact-open
topology.

So in any of the above cases it follows by Corollary 2.6 that if ) is a metrizable
locally convex space and ¢ € LUCL.(G,Y), then D ¢: £(G) — Y is a linear
continuous mapping. We thus get a possible approach to [NeelOa, Probl. 13.4],
which in particular asked for conditions ensuring that if G is a Banach-Lie group
with the Lie algebra g, and ¢: G — R is a function such that for some g € G and
every = € g the derivative

A6()(gr) = S| olgexpe(tn))

exists, then the functional d¢(g): T,G — R is linear.

Remark 2.9.  The method of proof of Lemma 2.4 also gives the following result:
Let G be a topological group and Y be a locally convex space. If X, X7, X, € £(G)
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have the property that

(VteR) X(#°) = lim (Xl<%>X2(3)X1<3>_1X2<3>_1>n

n—oo n n

uniformly on every compact subset of R, then
Dy¢ = Dy, (Dx,$) — Dx,(Dx,9)

for every ¢ € LUC} (G, D).

3. Differentiable vectors

In this section we apply Theorem 2.5 and Remark 2.6 to the study of differen-
tiable vectors in group representations. We shall use the notation set up in the
Introduction, and the main result is Theorem 3.5.

Setting 3.1.  Unless otherwise mentioned, we assume the following;:
e (G is a topological group;

e ) is a locally convex space and End ())) stands for the space of continuous
linear maps on YV;

e m: G — End()) is a representation such that the group action

GxY—=Y,(g9y) — m(9)y
is a continuous mapping;

e there exists a neighborhood V of 1 € G such that the set of operators 7(V)
is equi-continuous on ).

For instance, these assumptions are satisfied if the aforementioned action is con-
tinuous and ) is a Banach space; see [NeelOa, Lemma 5.2].

Definition 3.2.  Let us denote DY, := ). In addition to the spaces D}_, Dy,
and DL defined in the Introduction, we also define inductively for every k > 1,

Diy' ={y € Dy, | (VX € £(G)) dm(X)y € DE.}.

It is clear that DY D D) D D3 D ---, and we define
00 k
Ddﬂ' = m Ddﬂ"
k>1
The spaces

c>(dm) == ) (ﬂD(dw(X)’“)),

Xeg(G) k>1
Voo :={y € V| 7(-)y €C7(G,Y)}

will also be needed.
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Remark 3.3. It is easily seen that C*°(d7), Vs, and D% for k=0,1,...,00
are linear subspaces of ) which are invariant under the family of operators 7(G).
We have

Voo € D5, C C(d) C DY,

and the first two of these inclusions are actually equalities if G is a finite-
dimensional Lie group, as a consequence of Goodman’s theorem; see [Wa72, sub-
sect. 4.4.4] for a broader discussion. The space )., for representations of topologi-
cal groups was introduced in [Bos76], the definition of C*>°(dn) agrees with [Mag81,
Def. 1] for locally compact groups, and finally the spaces D% for k =0,1,...,00
were introduced in [NeelOa, Def. 3.1] for representations of locally convex Lie
groups.

Lemma 3.4. We have Dk = {y € YV | n(-)y € LUC} (G, D)} for every
k=0,1,...,00.

Proof. For k =0 we have to prove that for arbitrary y € ),
m()y € LUC.(G,)). (3.1)
In fact, for arbitrary go,h € G and g € V we have

m(990h)y — 7(g990)y = 7(g)7(g0)(7(R)y — v).

Since the family of operators 7(V') is equi-continuous on ), it easily follows by the
above equality that for every neighborhood U of 0 € Y there exists a neighborhood
V1 of 1 € V such that for all h € V; and g € V' we have 7(ggoh)y — 7(g9g90)y € U.
This shows that m(-)y is left uniformly continuous on the neighborhood Vgq of
go € V', and (3.1) is completely proved.

If X € £(G), then y € D(dn(X)) if and only if the function m(X(-))y is
differentiable at 0 € R. If this the case, then

Dx(m()y) = m(-)dr(X)y (3.2)
and now (3.1) shows that D% (7(-)y) € LUC,c(G,Y). These remarks show that
the assertion holds for £ = 1. The general case follows by induction on k. |

Theorem 3.5.  Within Setting 3.1 we have D) = 'Dé’;m. If the following
additional conditions are satisfied:

1. £(G) is endowed with a Baire topology that is stronger than the compact-open
topology;

2. for every X1,Xs € £(G) there exists X € £(G) such that the property
X = Xj + Xy holds true, and £(G) is a topological vector space with the
vector sum thus defined;

3. the locally convex space Y 1is metrizable;

1 1,cont
then we have also Dy, =Dy " .
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Proof. Let y € D} be arbitrary and denote ¢ := 7(-)y.

For the first part of the statement we have to show that y € Dé’;m. To this
end let X, X, X, € £(G) with the property X = X; + X,. Since y € D}, we get
¢ € LUC},.(G,Y) by Lemma 3.4, and then DX ¢ = D% ¢+ DX, ¢ € LUC1oe(G, D)
by Lemma 2.4. By evaluating both sides of this equality at 1 € G and by
using (3.2), we get dr(X)y = dr(X,)y + dr(X,)y. Therefore y € Dy™.

For the second part of the statement we have to show that if the additional
conditions 1.-3. are satisfied, then conditions y € D", To this end we just have
to use Corollary 2.6 along with (3.2) again evaluated at 1 € G. [

Remark 3.6.  We have seen in Example 2.8(1.) that the additional conditions
1.-2. in Theorem 3.5 are satisfied if G is a locally exponential Lie group modeled
on a locally convex space which is a Baire space; for instance if G is a locally
exponential Fréchet-Lie group. On the other hand, these conditions are also
satisfied by groups as in Example 2.8(3.) whose exponential maps may fail to
be locally surjective (see e.g., [Mil84, Warning 1.6]) or as in as in Example 2.8(5.)
where it may fail to be locally injective (e.g., unitary groups of von Neumann
factors of type II;; see [Bell0, Cor. 4.4]).

We now briefly mention a few other special cases of Theorem 3.5 and related
results that occurred in the earlier literature.

1. It follows by [Bos76, Satz 2.1] that if G is a connected pro-Lie group, then
yoo g Dé,:n N D(lj;(—:ont )

2. It was proved in [Mag81, Prop. 2] that if G is a a connected locally
compact group, ) is a Hilbert space, and 7 is a unitary representation,
then C(dr) C Dy™ N D™,

3. It was proved in [NeelOa, Lemma 8.1] that if G is a Fréchet-Lie group and
Y is a Fréchet space, then Dcll;lrm C DL,

4. The conclusion of our Theorem 3.5 was then obtained in [NeelOa, Th. 8.2
in the case when G is a Banach-Lie group and ) is a Banach space.

Acknowledgment. We wish to thank Karl-Hermann Neeb for several use-
ful suggestions. The Referee’s remarks also helped us to improve the presentation.
The second-named author acknowledges partial financial support from CNCSIS -
UEFISCDI, grant PNII - IDEI code 1194/2008.

References

[Bell0] Beltita, D., Lie theoretic significance of the measure topologies associated
with a finite trace, Forum Math. 22 (2010), 241-253.

[BB09] Beltita, 1., and D. Beltita, Magnetic pseudo-differential Weyl calculus on
nilpotent Lie groups, Ann. Global Anal. Geom. 36 (2009), 293-322.

[BB11] —, Continuity of magnetic Weyl calculus, J. Funct. Anal. 260 (2011),
1944-1968.



784

[Bos76]

[BC73]

[BCRS1]

[BouT71]
[Bou74]
[CheT74]
[CMT70]

[Far75]

[G1602]

[G1505]

[Ham82]

[HMO7]

[Mag81]

[MS75]

[Mil84]

BELTITA AND BELTITA

Boseck, H., Uber Darstellungen lokal-kompakter topologischer Gruppen,
Math. Nachr. 74 (1976), 233-251.

Boseck, H., and G. Czichowski, Grundfunktionen und verallgemeinerte
Funktionen auf topologischen Gruppen. I, Math. Nachr. 58 (1973), 215
240.

Boseck, H., G. Czichowski, and K.-P. Rudolph, “Analysis on topological
groups —General Lie theory,” Teubner-Texte zur Mathematik, 37. BSB
B. G. Teubner Verlagsgesellschaft, 1981.

Bourbaki, N., <Topologie générale. Chap. 1 a 4, Hermann, 1971.
—, <Topologie générale. Chap. 5 a 10,> Hermann, 1974.

Chernoff, P.R., “Product formulas, nonlinear semigroups, and addition of
unbounded operators,” Memoirs of the American Mathematical Society,
No. 140. American Mathematical Society, 1974.

Chernoff, P., and J. Marsden, On continuity and smoothness of group
actions, Bull. Amer. Math. Soc. 76 (1970), 1044-1049.

Faris, W. G., “Self-adjoint operators,” Lecture Notes in Mathematics,
Vol. 433. Springer-Verlag, 1975.

Glockner, H., Infinite-dimensional Lie groups without completeness re-
strictions, in: A. Strasburger, J. Hilgert, K.-H. Neeb, and W. Wojtynski
(eds.), “Geometry and analysis on finite- and infinite-dimensional Lie
groups” (Bedlewo, 2000), Banach Center Publ., 55, Polish Acad. Sci.,
2002, pp. 43-59.

—, Fundamentals of direct limit Lie theory, Compos. Math. 141 (2005),
1551-1577.

Hamilton, R. S., The inverse function theorem of Nash and Moser, Bull.
Amer. Math. Soc. (N.S.) 7 (1982), 65-222.

Hofmann, K. H., and S. A. Morris, “The Lie theory of connected pro-
Lie groups. A structure theory for pro-Lie Algebras, pro-Lie groups,
and connected locally compact groups,” EMS Tracts in Mathematics,
2. European Mathematical Society (EMS), 2007.

Magnin, L., Some remarks about C* wvectors in representations of con-
nected locally compact groups, Pacific J. Math. 95 (1981), 391-400.

Magnin, L., and J. Simon, Lie algebras associated with topological nilpo-
tent groups, Rep. Mathematical Phys. 8 (1975), 171-180.

Milnor, J., Remarks on infinite-dimensional Lie groups, in: B. S. DeWitt
and R. Stora (eds.), “Relativité, groupes et topologie. II” (Les Houches,
1983), North-Holland, 1984, pp. 1007-1057.



BELTITA AND BELTITA 785

[Nee06] Neeb, K.-H., Towards a Lie theory of locally convex groups, Japanese J.
Math. 1 (2006), no. 2, 291-468.

[NeelOa] —, On differentiable vectors for representations of infinite dimensional
Lie groups, J. Funct. Anal. 259 (2010), no. 11, 2814-2855.

[NeelOb] —, On analytic vectors for unitary representations of infinite dimen-
sional Lie groups, Ann. Inst. Fourier (Grenoble) (to appear).

[Nel69] Nelson, E., “Topics in Dynamics. I: Flows,” Mathematical Notes. Prince-
ton University Press and University of Tokyo Press, 1969.

[Wa72]  Warner, G., “Harmonic analysis on semi-simple Lie groups. I,” Die
Grundlehren der mathematischen Wissenschaften, Band 188. Springer-
Verlag, 1972.

Ingrid Beltita Daniel Beltita

Institute of Mathematics Institute of Mathematics

“Simion Stoilow” “Simion Stoilow”

of the Romanian Academy, of the Romanian Academy,

P.O. Box 1-764, Bucharest, Romania P.O. Box 1-764, Bucharest, Romania
Ingrid.Beltita@imar.ro Daniel.Beltita@imar.ro

Received February 22, 2011
and in final form March 14, 2011



